This study was conducted to evaluate the ozone and UV combination (ozone/UV) process for the reuse of sewage treatment plant effluent. The ozone/UV process was compared to the ozone alone and the UV alone processes by measuring a variety of parameters, such as UV absorbance at 410 nm (A 410 ), COD, BOD, BOD/COD, TOC, specific UV absorbance (SUVA), and aldehydes. The organics present in sewage effluent were more effectively removed by hydroxyl radical (OH°) than by molecular ozone. The ozone/UV process was highly effective for the color removal, disinfection, mineralization of organics, and minimization of ozone by-product. It was also found that ozone/UV process equipped with high-intensity UV lamp was more efficient and economical than that with low-intensity UV lamp.
Introduction
Ozone is a strong oxidant and disinfectant that is commercially used for water treatment. In actual practice, however, the direct reaction of ozone is quite selective in organic oxidation. This is because ozone has a very low reactivity toward aromatics substituted with electron-withdrawing groups (-COOH, -NO 2 ) and compounds with single bond (1) . Therefore, the advanced oxidation processes (AOPs) involving the generation of hydroxyl radicals (OH°) have become the subject of numerous studies to overcome the limitation of ozone oxidation (2) . The ozone/UV process is an effective technique to enhance OH° generation in ozone oxidation. This process was developed in the early 1970s for the treatment of cyanide-containing wastes. Some studies have shown that the process is more effective for the destruction of some organic compounds than ozonation alone and that it has significant potential as a water treatment (3, 4) . Many authors proposed that some free radicals such as OH° might play an important role to destroy compounds that are refractory even to ozonation (5) .
In this study, the ozone and UV combination (ozone/UV) process is applied for the reuse of sewage effluent. Therefore, the aim of this study is to evaluate the effectiveness of ozone/UV process for the treatment of sewage effluent compared to the other processes such as ozone alone and UV alone.
Materials and Methods

Raw water characteristics
Sewage effluent water from a sewage treatment plant in W city was used as sample. The typical water quality characteristics (COD Cr , BOD 5 , TOC, A 254 (UV absorbance at 254nm), pH and alkalinity) of the sample are shown in Table 1 . 
Experimental procedure
The experiments were carried out in a semi-batch reactor (0.5 L and 30 L, with low-and high-intensity UV lamp, respectively) equipped with a low-pressure Hg arc lamp (WEDECO, Germany). Ozone was obtained from oxygen through the ozone generator (OZONIA, USA) and was continuously diffused at a flow rate of 0.5 L/min into the photo reactor. In the 0.5 L reactor, ozone was directly injected into the UV reactor and was mixed up by the magnetic stirrer. On the other hand, the 20 L reactor was composed of the ozone reactor (22 L) and UV reactor (8 L). The sample was circulated at a flow rate of 30 L/min through the centrifuge pump. These reactors were both able to operate the ozone alone and UV alone processes. Figure 1 shows the schematic diagram of the experimental system. 
Results and Discussion
Evaluation of several processes: Ozone alone, UV alone, and Ozone/UV
Color removal: UV absorbance at 410 nm (A 410 ) was used as a parameter for color measurement (6) . Results show that both ozone alone and ozone/UV processes were significantly effective, showing 80% reduction of A 410 after 10 min of run time. On the other hand, the UV alone process did not show much color change. Therefore, for color reduction, the ozone alone process was considered as the best process among the three. However, it should be noted that other parameters should also be considered in the treatment of sewage effluent water. A relatively high water quality must be achieved with the end goal of reusing the sewage effluent water for general household purposes. The color removal efficiency of each process (ozone alone, UV alone, and ozone/UV) in the sewage effluent water is compared in Figure 2 . 
Oxidation of organics in sewage effluent: In Figures 3 (a) and (b)
, the removal efficiency of COD and the variation of specific UV absorbance (SUVA), which can be calculated by dividing A 254 with DOC, are compared for the ozone alone, UV alone, and ozone/UV combination processes. The ozone alone process was performed at the condition of aqueous pH 4 and 7 to investigate the effect of different pH in direct ozone and OH° reactions with organic matters. In Figure 3 (a), up to 90% COD was removed by the ozone/UV process and up to 60% and 40% by ozone alone process at pH 7 and 4, respectively. It was also found that the effect of UV irradiation could be negligible for the COD removal. According to Hoigné et al., the mechanism of the reaction of ozone with substances in the water can be divided into two distinct pathways (7) . The first route is the direct attack of molecular ozone. The second route is the indirect reaction of OH° formed by ozone decomposition. In sewage effluent, the following reaction pathway of sewage effluent organic matters (EfOMs) of ozone and OH° are to be considered.
EfOMs + O 3 → products [1]
EfOMs + OH° → products [2] Ozone oxidation in pH 4 could reflect the direct reaction between the NOMs and the molecular ozone. At pH 7, NOMs would not only be decomposed by molecular ozone but also by OH°, which can be formed by the ozone decay. Therefore, the difference in the removal efficiency between pH 7 and 3 could be explained as the effect of OH°. Results show that COD removal in ozone/pH 7 and ozone/UV processes was enhanced up to 20% and 50%, respectively, as compared to ozone/pH 4. This implies that the AOPs involving OH° production could be a promising technique for treatment of sewage effluent and the ozone/UV process could enhance organic removal through more OH° production. Figure 3 (b) shows the change of SUVA during the treatment of sewage effluent with each process. This value could provide insights into the characteristics of natural water such as aromatic contents per unit concentration of organic carbon, hydrophobicity, and molecular weight distribution of DOC (8) . In this research, the water tested had a relatively low SUVA value (1.1-2.5 L/mg-m), indicating that the water contained hydrophilic and low-molecular-weight materials. As shown in Figure 3 , SUVA decreased up to 20, 60, 70, and 80% after UV alone, ozone/pH4, ozone/pH7, and ozone/UV combination processes, respectively. This means that both ozone alone and ozone/UV processes could alter hydrophobic to hydrophilic and high-molecular-weight to low-molecular-weight organic matter (8) . 
Variation of biodegradability:
To compare the biodegradability between ozone and ozone/UV processes, BOD and BOD/COD values were measured (Figure 4 ). In the ozone alone process, BOD increased from 2.2 to 2.5 mg/L at 15 mg/L ozone dose, after which its value gradually decreased with the increase of ozone dose. In the ozone/UV process, BOD was rapidly reduced up to 80% with 50 mg/L of ozone dose. The ratio of BOC/COD value was also compared as a parameter presenting biodegradability in the water (9) . The ozone alone process showed that the BOD/COD value was approximately 4.5 times higher than its initial value at 15 min after ozonation. However, the ozone/UV process did not cause any significant change of BOD/COD value during the reaction time. From this result, it was found that the ozone alone process was not effective in reducing BOD value. However, it enhanced the biodegradability in the water, giving the possibility of pre-treatment process for biological treatment. For the ozone/UV process, because both BOD and COD decreased to low level (0.3 and 0.8 mg/L) and no increase was observed, the water treated could be directly reused as relatively clean water. 
Disinfection:
The effect of disinfection by ozone, UV, and ozone/UV processes was investigated by detecting E. coli in the sewage effluent. The concentration of E. coli was 980~1050 CFU/mL. As shown in Figure 5 , 3.6 mg/L of ozone dose and 0.83 W-min/L of UV dose were required for the 99% inactivation of E. coli. Results show that both the ozone and the UV were strong disinfectants, and the OH° formed by ozone/UV process could inactivate E. coli present in sewage effluent. This indicates that the ozone alone and the UV alone processes could be sufficiently used for disinfection of sewage effluent. It was also found that the ozone/UV process showed similar effect for the E. coli inactivation as compared to the other processes (ozone and UV alone), and enhancement through OH° production did not rise for the disinfection. 
Mineralization of organics by ozone/UV process
TOC removal: TOC value was measured to compare the mineralization of organics present in sewage effluent ( Figure 6 ). In the ozone alone process, TOC was degraded by 40% at 60 min after ozonation, after which this value (2.4 mg/L) remained constantly until the run was finished. In the ozone/UV process, TOC value was steadily decreased by 90% during the run time, showing prominent effectiveness for the mineralization of organics. The oxidative effect of UV irradiation was insignificant, as shown by the 10% removal of TOC. From this result, it was confirmed that ozonation had a limitation of organic oxidation due to the selective reaction and the partial oxidation with organics by ozone (1). Therefore, ozone/UV should be considered for the treatment of sewage effluent water for reuse because it resulted in low level of organics. 
Formation and reduction of aldehydes:
Aldehydes are known as major byproducts produced after ozonation. Of the aldehydes, formaldehyde and acetaldehyde are mutagenic and carcinogenic for humans (10, 11) . Therefore, the process using ozone is important to investigate the aldehyde trend. The total concentration of four principal aldehydes-formaldehyde, acetaldehyde, glyoxal, and methylglyoxal-in sewage effluent was 51 µg/L. Considering the results plotted in Figure 7 , the ozone alone process showed an increase of aldehyde concentration up to 110 µg/L at 20mg/L ozone dose, after which the concentration did not go lower than 80 µg/L. In the ozone/UV process, the aldehyde concentration increased by 90 µg/L at the initial run time and decreased by 28 µg/L at 15 min. The UV alone process did not have a significant in the aldehyde concentration. These results indicate that because the ozone alone process has the side effect of by-products such as aldehydes, applying this process for the reuse of sewage effluent could be troublesome. From a different standpoint, since aldehydes can be used as a surrogate of assimilable organic carbon (AOC) (12) , the ozone alone process could be proposed as a pre-treatment for the biological treatment, like as the result of BOD increase (see figure 4 ). It should be noted that the ozone/UV process could be regarded as a safe technique for the reuse of sewage effluent and that it minimizes the side effect of ozonation. 
Effect of UV type in ozone/UV process
The ozone/UV process employed in this study was equipped with two types of UV lamp, one for low pressure low intensity (0.4 W/L) and the other for low pressure high intensity (8 W/L). Figure 8 shows the removal efficiency of COD and TOC by the two types of the ozone/UV process as a function of ozone dose. Both COD and TOC values were rapidly eliminated with the increase of ozone dose when high-intensity UV lamp was used in the ozone/UV process. To remove 90% of COD, the ozone/UV process with high-intensity UV lamp (ozone/UV-HI) required 100 mg/L ozone dose and 40 W-min/L UV dose. On the other hand, for the lowintensity UV lamp (ozone/UV-LI), 780mg/L of ozone dose and 16 W-min/L were consumed. The difference between the two types of UV lamps was clearly revealed from the result of TOC removal. The ozone/UV-HI process showed 90% TOC removal at 300 mg/L ozone dose. However, the reduction of TOC by the ozone/UV-LI process was merely 23%. The high-intensity UV lamp showed somewhat higher consumption of electric power than the low-intensity UV lamp. It could not only greatly lower the amount of ozone dosage, but also significantly enhance the efficiency of organic removal. 
Conclusions
For the reuse of sewage effluent, the ozone/UV process showed excellent effectiveness for several aspects, such as color removal, disinfection, mineralization of organics, and minimization of ozone by-product (such as aldehydes). In addition, the ozone/UV process equipped with high-intensity UV lamp (8W/L) resulted in 88% reduction in the amount of ozone dosage and the 57% enhancement of organic removal compared to the ozone/UV process with low-intensity UV lamp (0.4W/L). Because the organics present in sewage effluent was highly destroyed by OH°, the ozone/UV process was favored to mineralize organics, showing 90% removal of TOC.
The ozone alone process was effective for color removal but showed a limitation, which is organic oxidation. Considering the results of the BOD/COD and aldehydes, the ozone alone process could be proposed as a pre-treatment for the biological treatment because ozonation was able to enhance the biodegradability in the water.
For the inactivation of E. coli present in sewage water, the ozone alone and the UV alone processes showed good efficiency with only 3.6 mg/L ozone dose and 0.83 W-min/L UV dose, respectively. If the aim of the treatment were for disinfection only, either the ozone alone or the UV alone process would be enough.
